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process for estimating the number and locations of breathing
targets from the detected information is explained. Finally, test
results of the estimation technique are presented in section IV.

Abstract—In this paper, a technique for detecting the locations
of one or more persons, as well as their breath patterns, using
an ultra-wideband radar sensor network, is proposed. Technical
problems that occur in the estimation process, such as false
detection due to indirect reflection and ambiguity problem,
are introduced. Maximum-likelihood estimation is suggested as
the solution to these problems and tested on 10 sets of radar
measurements.

II. R ADAR MEASUREMENTS
UWB radar measurements were carried out using the Pulson
P400 monostatic radar module manufactured by Time Domain,
Inc. Each radar has two omni-directional dipole antennas
attached so as to transmit and receive UWB pulses. The three
radars were arranged in known locations and fixed on a foam
pad to be placed at a height of about 0.7 m, which is near
the average height of the chest a sitting adult. In addition,
one to three people were positioned around the radars so that
the breathing pattern and location of each person would be
estimated. The location of each person was also determined
in advance to evaluate the accuracy of the estimation. The
relative location of each radar and person was measured using
a laser distance measuring device. Ten sets of measurements
were taken: five sets with one target, four sets with two targets,
and one set with three targets.
The signal received at the ith radar can be expressed as
r(i) (τ ; t), where the superscript (i) indicates the index for the
radar, τ denotes the propagation delay of a reflected waveform
and contains the distance information of a target, and t denotes
the measurement time. When measuring received signals, each
radar adopts an average for the transmission of 4096 pulses,
thereby increasing the signal-to-noise ratio of the received
signal. When the person to be detected takes a breath, a portion
of body parts such as the chest and/or abdomen also moves
according to a breathing pattern. This can change the structure
of a multipath channel between the transmitting and receiving
antennas of the radar, and as a result, the receiving signal
also changes. Accordingly, by setting a receiving signal at a
specific time as a reference signal, the difference between the
measured signal and the reference signal is measured so that
changes in signal components can be observed by removing
static background signals. Let’s denote the difference signal at
a random moment t by x(i) (τ ; t).
For the timing detection of multipath signal components,
matched filtering is performed. If the correlator template wave(i)
form is denoted by s (τ ), correlation function Rxs,BP (Δτ ; t)
is obtained. Here, subscript ”BP” indicates that the signal has
been bandpass filtered. Our analysis used a Butterworth filter
in the frequency band of 0.1Hz to1.2Hz which corresponds

I. I NTRODUCTION
Ultra-wideband (UWB) signals have been proposed as the
most suitable solution for applications performing accurate
distance estimation because of their high resolution. Recently,
considerable attention has been paid to the area of the detection
of biological signals, such as those of a breathing pattern
or heart rate, by detecting slight movement of a human
body. Using the UWB radar, a breathing pattern of one or
more persons can be detected along with distance and/or
location information, and many studies on this technology
have been conducted [1]–[13]. Additionally, there have been
studys presenting experimental results on breathing pattern
detection in an environment where a wall blocked the space
between a person and the UWB radar [14]–[20]. To achieve
this objective, the techniques of correlation detection, static
background removal, and frequency analysis of breathing
patterns have been used.
This study aims to detect a breathing pattern of one or more
persons who breathe at a fixed position and their locations in a
two-dimensional space. There are several technical difficulties
in implementing the process. First, it is not easy to remove
indirectly reflected signals reflected from static background
along with a target person (this phenomenon is illustrated in
section II greater in detail). These signals might be falsely
detected as another target. In this paper, a technique for
removing these multiple reflection signals involving the human
body that screens them based on distance information and
breathing pattern information of the detected potential targets
is proposed. Second, when more than one person’s locations
are estimated based on the measured distance information by
radar, ambiguity can arise. We used a maximum likelihood
estimation technique to solve this problem.
This paper is organized as follows: section II introduces
sets of radar measurements and its results. A process to detect
distance and breathing frequencies of potential targets from
the measured data is also shown in section II. In Section III, a
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Fig. 2: Different kinds of reflections.

multiple reflection that includes the target and other objects
on its reflection path. This phenomenon is also conspicuously
observed
in the frequency
domain. Figure 1-(c) shows the plot


 (3)

of Sxs,BP (r; λ). The breathing frequency and distance of the
potential targets are determined by the
procedure.
 ∞following

2
 (i)

First, values of distance r where
Sxs,BP (r; λ) dλ
−∞

has local peaks in the region where it exceeds the specific
threshold are determined. Then, assuming that a value of the
distance obtained here
 is denoted by rj , find the values of

 (i)
frequency λ where Sxs,BP (rj ; λ) has peaks in the region




 (i)
 (i)


satisfying Sxs,BP (rj ; λ) > θ · maxλ Sxs,BP (rj ; λ). The
points indicated by the circle in Figure 1-(c) represent the
distance and frequency information detected using the method
described in the above. Among the several points detected,
only one contains the information on the actual target distance
and breathing frequency, whereas the other points are all
erroneously detected. Figure 2 illustrates this phenomenon. In
the figure, path #1 is the direct path reflected by a human
body, path #2 receives static background signals, and path
#3 contains indirect reflections from a human body and
background objects together. When the reference signal is
subtracted from the received signal, the indirectly reflected
signal received via path #3 cannot be removed, whereas the
static background signal can be removed. Because of this, a
system might falsely detect another target other than the actual
target.

(b)

(c)

Fig. 1: (a) Experimental

setup for  one-person measurement.

 (3)


 (3)
Plots of (b) Rxs,BP (r; t) and (c) Sxs,BP (r; λ).

Figures 3 shows the test environment in which two people
are located, and the measurement results that were obtained
at radar 2. The two people breathe at 0.21 Hz and 0.42
Hz, respectively, and the multiple signal components at three
different ranges are observed. Interestingly, multiple frequency
components are detected at 3.3 m. This is indeed the detection
of the harmonic components due to the regular movements of
the human body as a result of breathing.

to a general human breathing frequency band. In addition, by
(i)
taking the Fourier transform of Rxs,BP (Δτ ; t) with respect to
(i)
variable t, spectral density Sxs (Δτ ; λ) is obtained.
Figure 1 shows the measurement results in which one person
 (3)

breathes. Figure 1-(b) shows the plot of Rxs,BP (r; t), where
parameter r is the value that converts Δτ into distance. A periodic signal is observed at 3.2 m, which is the distance between
the radar and the person. Additionally, a similar movement is
detected at 5.1 m, 6.2 m, and 6.6 m, which was caused by the

The values detected through the above process at the ith
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number of observation vectors is denoted by ki . As already
mentioned, matrix R(i) can contain signal components received by indirect as well as direct reflections from the human
body. In order to distinguish these signal components, an initial
screening process is performed by analyzing the characteristics
of the signal frequency. The rationale is as follows: human
body movement due to breathing is significantly slower than
the propagation delay of a signal, so it is highly probable
that the movements of the directly and indirectly reflected
signals
from the human
 body are
 synchronized. For example,

(i)
(i)
(i)
(i)
and rl , λl
are vectors detected from the
if rj , λj

(a)

(i)

(i)

movement of the same person, and rj < rl , we can assume
(i)
(i)
that λj  λl . Furthermore,
because these two points are

 (i)

where Sxs,BP (r; λ) has local peaks, it can be assumed that
(i)

(i)

both Sxs,BP (Δτj ; λj ) and Sxs,BP (Δτl ; λl ) have the same
phase or phase difference of as large as π. Therefore, we can
assume that two vectors that satisfy the following conditions
are due to the movement
of the same person and thereby

(i)
(i)
remove rl , λl :


 (i)
(i) 
1) λj − λl  < θλ ,



 (i)
(i)
2) ∠Sxs,BP (rj ; λj ) ± ∠Sxs,BP (rl ; λl ) < θp ,
where θλ and θp are thresholds, respectively. When more than
two observations that satisfy the above conditions exist, a
vector detected at the closest distance is chosen, and the others
are removed by an assumption that they were detected because
of indirect reflections. Now, a new matrix R̃(i) is obtained by
the result,
 ⎤
⎡ 

(b)

(i)

R̃(i)

i

Fig. 3: (a) Experimental

setup for two-person measurement.

 (2)


 (2)
Plots of (b) Rxs,BP (r; t) and (c) Sxs,BP (r; λ).

R(i)


⎡ 
(i)
(i)
r1 , λ1
⎢ 

(i)
(i)
⎢
⎢ r2 , λ2
=⎢
⎢
..
⎢
.
⎣ 

(i)
(i)
rki , λki

⎥
⎥
⎥
⎥,
⎥
⎥
⎦

(2)

i

where k̃i is the number of remaining vectors left after removing observations due to indirect reflections. For example, in the
experiment shown in Figure 1, k3 = 4 and k̃3 = 2 are obtained
π
and θλ = 0.004, respectively. It is noted that
when θp =
25
the number of the remaining vectors is still greater than the
actual number of targets. The next section presents methods to
estimate the number, location, and breathing pattern of targets
using the matrix R̃(i) obtained from each radar.

(c)

radar can form a matrix

(i)

r̃ , λ̃1
⎢  1

⎢
(i)
(i)
⎢ r̃2 , λ̃2
=⎢
⎢
..
⎢
.
⎣ 

(i)
(i)
r̃k̃ , λ̃k̃

⎤

III. M ULTI - TARGET LOCATION

⎥
⎥
⎥
⎥,
⎥
⎥
⎦

If the number of breathing objects that exist around a given
radar is n, n satisfies

(1)

1 ≤ n ≤ N = min k̃i .
1≤i≤3

(3)

If the location of the jth target is ϕj , 1 ≤ j ≤ n, and the twodimensional spatial point in which the ith radar is located is
α(i) , the distance between the jth target and ith radar, namely

where each row vector in the matrix indicate a detected point
(i)
(i)
(i)
and it is assumed to satisfy r1 ≤ r2 ≤ · · · ≤ rki , ∀i. The
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(i)

dj , can be defined as
(i)

dj = α(i) − ϕj .

can be estimated through maximum likelihood estimation as
follows:
(4)
ϕ̂j,n,m = arg max

Here, we try 
to estimate the locations of n targets,
ϕ1 , ϕ2 , · · · , ϕn , using observation matrices R̃(i) s. In this
process, various complex numbers of cases can occur. Firstly,
there is the number of cases in which n vectors are selected
from k̃i observations obtained from the ith radar. If we let this
number be Qi , then
 
k̃i
Qi =
,
(5)
n

ϕ

fδ (δ) =

(10)

2
2
1
√ e−δ /2σδ ,
σδ 2π

(11)

then least squares estimation can be applied to give
ϕ̂j,n,m = arg min
ϕ

3 
2

(i)
aj,n,m − α(i) − ϕ
.

(12)

i=1

The breathing frequency of each target can be estimated in
a similar manner. When Cn,m is given, if the estimate of the
breathing frequency of the jth target is assumed to be λ̂j,n,m ,
the error between this estimate and the breathing frequency
(i)
(i)
measured in the ith radar becomes j,n,m = bj,n,m − λ̂j,n,m .
When the measurement errors of the breathing frequencies are
assumed to be i.i.d. Gaussian random variables with means of
0 and variances of σ2 , λ̂j,n,m can be obtained by using least
squares estimation as follows:

i=1

combinations, which is the number of cases that makes n
groups comprising three vectors by selecting one vector from
each R̃(i) . Therefore, when the number of potential targets is
assumed to be n, the possible total number of combinations,
Mn becomes
3  

k̃i
2
Mn = (n!) ·
.
(6)
n
i=1
If this is expressed using a matrix, it can also be exhibited as


 ⎤
⎡ 
(1)
(1)
(1)
(1)
a1,n,m , b1,n,m , · · · , an,n,m , bn,n,m
⎢ 


 ⎥
⎥
⎢
(2)
(2)
(2)
(2)
Cn,m = ⎢ a1,n,m , b1,n,m , · · · , an,n,m , bn,n,m ⎥ , (7)
⎣ 


 ⎦
(3)
(3)
(3)
(3)
a1,n,m , b1,n,m , · · · , an,n,m , bn,n,m
where the ith row is the permutation of n vectors selected
from the matrix R̃(i) , while the first row is arranged such
(1)
(1)
(1)
that a1,n,m ≤ a2,n,m ≤ . . . ≤ an,n,m . Index m is the index
that indicates one of Mn possible combinations and satisfies
1 ≤ m ≤ Mn . Therefore, the total possible number of the
N

matrix Cn,m becomes
Mn , which means the number of

λ̂j,n,m = arg min
λ

3 

i=1

2
(i)
bj,n,m − λ .

(13)

Because the number of combinations is Mn , assuming the
existence of n targets, the number of estimates that can be
obtained of the location and breathing frequency of each target
becomes Mn , respectively. Among the estimates, one estimate
should be selected for each parameter, namely ϕ̂j,n and λ̂j,n .
If Mn combinations are assumed to all be equiprobable, then
ϕ̂j,n = ϕ̂j,n,μ and λ̂j,n = λ̂j,n,μn , where
n

μn = arg min L (n, m) .
m

(14)

In the above equation, the cost function L (n, m) is defined as
⎡
2  (i) 2 ⎤
(i)
n 
3

δj,n,m
j,n,m
⎣
⎦ . (15)
+
L (n, m) =
σ
σ
δ
j=1 i=1

n=1

ambiguities.
Now, let us estimate the location of each target based on
matrix Cn,m . Define a vector ϕ̂j,n,m as the estimated location
of the jth target. The estimated range between the ith radar
(i)
and jth target, dˆj,n,m is given by
(8)

The error between the estimated and measured distances,
(i)
δj,n,m can be defined as
(i)
(i)
(i)
δj,n,m = aj,n,m − dˆj,n,m ,

i=1



(i)
fδ aj,n,m − α(i) − ϕ .

If we further assume that

and the number of cases that select n observations from each
3

Qi . Now we can make (n!)2 different
R̃(i) s becomes

(i)
dˆj,n,m = α(i) − ϕ̂j,n,m .

3


(9)

(i)

where, aj,n,m is the measured distance between the ith radar
and jth target designated by matrix Cn,m . When the measurement errors of the distances are assumed to be independent,
identically distributed (i.i.d.) random variables, each of which
has fδ (δ) as its marginal density, the location of the jth target

52

Finally, the number of targets, n should be determined.
Finding the optimal value of n is a difficult task. When the
value of n exceeds the number of actual targets, a large
increase in the cost function L (n, μn ) can be predicted. In
light of this, the present study obtained the estimate of n,
namely ν, by calculating the rate of L (n, μn ) according to n
and applying a threshold as follows:


1
L (n, μn ) < θL ,
ν = arg max
(16)
n
n
where θL is the threshold value. Hence, the resulting estimates
for the location and breathing frequency of the jth target can
be obtained as ϕ̂j = ϕ̂j,ν and λ̂j = λ̂j,ν , respectively.
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Fig. 4: The estimated location and resulting breathing pattern
for one-person experiment shown in Figure 1 obtained with
σδ2 = 2.5 × 10−3 , σ2 = 2.5 × 10−5 , and θL = 20.

0.5
0
−0.5
−1

IV. T EST RESULTS
As mentioned in the previous section, there exist ambiguities in the process of estimating the location and breathing
pattern of the targets. By applying the detection technique
for the location and breathing pattern of the targets presented
in Sections III, we can remove these ambiguities. Figure
4 and 5 show the results of removing the ambiguity that
occurs during the estimation of the location and the resulting
breathing pattern. Table I summarizes the test results for the
10 measurement sets. High accuracy of the estimation of the
number and locations of the targets is achieved in spite of a
large number of ambiguities.

(b) Breathing pattern of target 1 (upper) and target 2 (lower).

Fig. 5: The estimated locations and resulting breathing patterns
for two-person experiment shown in Figure 3 obtained with
σδ2 = 2.5 × 10−3 , σ2 = 2.5 × 10−5 , and θL = 20.
unique contribution in terms of using the technique that estimates the number, location, and breathing pattern of the targets
after removing a number of ambiguities and prevents false
detection caused by factors such as the harmonic components
of the breathing frequencies and indirectly reflected signals
received by successive reflections from the human body and
the surrounding objects.

V. C ONCLUSIONS
The present study proposed a detection technique for the
location and breathing pattern of an unknown number of
people. The algorithm proposed in this study was applied to
10 data sets measured in an indoor office environment and
exhibited a significantly high level of estimation accuracy.
Among the contents suggested by the study, the process of
detecting signal components that occur due to the motions
resulting from breathing and, based on its outcome, detecting
breathing patterns basically took a similar approach to that
introduced in existing studies. However, this study has its
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